Abstract --Greedy forward routing and face routing algorithms have been extensively used for sending messages in sensor networks. In this paper, we consider the problem of filtering redundant nodes in a sensor network as a preprocessing step for face routing. We propose an algorithm for identifying redundant nodes. We test the performance of proposed filtering algorithm on generated networks. The prototype algorithm for testing the proposed algorithms has been implemented in the Java programming language. Experimental investigation shows that the proposed filtering algorithms are effective in removing redundant nodes without compromising the network connectivity.
INTRODUCTION
Development of efficient algorithms and protocols for sensor network application has attracted the interest of many researchers for the last 10 years. Sensor networks have been applied to solve problems in many areas of science and engineering that include robotics, emergency response, environmental monitoring, remote sensing, manufacturing, and law enforcement [8] . A sensor network is formed by wirelessly connecting sensor nodes which are distributed on a two dimensional surface or embedded in some equipment or gadgets. A sensor node is essentially a small electrical device containing (i) a small amount of memory, (ii) a low capacity processing unit, (iii) a radio communication component with range up to 300 meters, and (iv) some sensing components for measuring physical quantities such as temperature, pressure, humidity, etc. Nodes within the transmission range can exchange information wirelessly. Nodes outside the transmission range can communicate by establishing a sequence of in-range intermediate nodes between them. This kind of establishing in-range intermediate nodes between two out-of-range nodes is called routing.
Computation in a sensor network is much different than in a traditional wired network. In a sensor network, there is no centralized control for communication. Communication and computation is preferred to be done locally in a distributed manner. Each node only knows the position of itself and its in-range neighbors. A node can explore the presence of other nearby nodes by exchanging information between khop neighbors, where k is usually 1, 2, or 3. Computing global properties of the sensor network that include connectivity, clustering, and coverage by exploring up to khop neighbors (for small k) are the most challenging problems in this emerging area of computer science and engineering. Some good progress has been made for performing routing and clustering in recent years [3] and there is a wealth of fertile problems to pursue further research.
In this paper, we are mainly concerned about the filtering of nodes as a pre-processing step for routing in sensor networks. We basically try to identify redundant nodes present on a network so that we can eliminate such nodes and make the routing algorithms and protocols more effective and efficient.
II. REVIEW OF ROUTING ALGORITHMS
In this section, we present a comprehensive review of networks that are used for communication and routing in sensor networks. Most networks reviewed in this section are locally computable, which include Gabriel graph (GG), relative neighborhood graph (RNG), restricted Delaunay graph (RDG), and Delaunay triangulation (DT). We also review different routing algorithms.
GABRIEL GRAPH
A Gabriel graph GG(S) of a set of point sites S = {p 0 , p 1 , p 2 , … p n-1 } is a network structure first introduced by Gabriel and Sokal [2] in 1969 for analyzing geographic variation in zoology [4] . This structure is now extensively used for routing in sensor network and related applications. Gabriel graphs are used to model proximity (nearness) relations between nodes in two dimensional surfaces.
Formally, two point sites p i and p j are connected by an edge e i,j if the disk with diameter ending at p i and p j does not contain any other point site. Figure 1 illustrates the formation of a Gabriel graph for five point sites. As shown in Figure 1a , the disk with diameter <p 3 ,p 4 > is empty and hence p 3 and p 4 is connected by an edge. On the other hand, the disk with diameter <p 1 ,p 3 > is not empty and hence they are not connected by an edge. The Gabriel graph constructed in this manner is shown in Figure 1b .
For applications in sensor networks, only those point sites p i and p j are considered for possible edge connection if the distance between them is less or equal to the wireless transmission range of nodes.
RELATIVE NEIGHBORHOOD GRAPH
The relative neighborhood graph was proposed by Godfried Toussaint in 1980 [7] as a way of defining a structure from a set of points that would match human perceptions of the shape of the set. This graph is also used to model proximity relations between nodes in two dimensional spaces.
Two point sites p i and p j are connected by an edge if and only if there does not exist a third point p k that is closer to both p i and p j than they are to each other. Figure 2 shows the relative neighborhood graph for the set of five point sites. Delaunay triangulation is closely related to the well known structure called Voronoi Diagram. In fact it is known that Delaunay triangulation is the dual of Voronoi diagram. Many algorithms have been reported to compute Delaunay triangulation. Since Voronoi diagram is the dual of Delaunay triangulation, algorithms for computing Voronoi diagram can be used for obtaining Delaunay triangulation and vice versa [5] . The most popular algorithm for computing Delaunay triangulation is the sweep-line algorithm proposed by Fortune [1] which runs in O(n log n) time. In the context of routing in sensor networks, locally computable structures are highly suitable. Unfortunately Delaunay triangulation cannot be computed locally. However, a super-set of Delaunay triangulation briefly described in the next subsection can be computed locally. 
ROUTING
Routing is the process of selecting a path in a network for sending information from the source node to the destination node along the network [6] . Routes are constructed in sensor networks using appropriate planar graphs that include Gabriel graphs, relative neighborhood graphs, and restricted Delaunay graphs. In general, if a source node s wants to send a message to a destination node t which is outside the range of s, then s needs to send the message through a sequence of relay nodes. This sequence of relay nodes together with source and destination nodes define a route connecting s to t. The process of generating these routes is called routing. Some of the well-known route construction techniques are greedy forward, face routing and hybrid greedy face routing.
GREEDY FORWARD ROUTING
Greedy forward routing is a very simple yet one of the most powerful routing algorithms. It constructs route locally in a sequence of steps. In greedy routing, all of the adjacent nodes that are within transmission range are first detected.
The next node to forward the message is selected from among the adjacent nodes which are nearer to the target node than the current node. The node that is closest to the target node gets the message. This process is repeated until target is reached.
Sometimes, a message gets stuck while using greedy forward routing algorithm. This occurs when the node itself becomes the shortest node rather than its adjacent nodes. In Figure 4( A message delivery method which is guaranteed to work if there is some path connecting source node s to target node t is based on the traversal of the faces of the planar graph formed on the underlying sensor network. A path construction algorithm based on this approach is known as face routing [6] . We can give a brief description of face routing algorithm by considering an example planar graph constructed on the sensor network. The planar graph could be either a Gabriel Graph (GG), or a Relative Neighborhood Graph (RNG) induced by the sensor nodes. In Figure 5 , a Figure 5 , (p 8 , p 10 ) is the transition edge. After constructing the current face f c , the message traverses counterclockwise along the edges of f c and stops at the transition edge. The message is then delivered to the other face (f 2 in Figure 5 ) incident on the transition edge.
In the next iteration, one of the nodes of the transition edge becomes the source node and the other face incident on e w becomes the current face f c . This process of traversing the faces is continued until the target node t is discovered to deliver the message. In Figure 5 , the constructed route is shown by directed segments.
HYBRID GREEDY FACE ROUTING
This is a combination of greedy forward routing and face routing. Greedy forward is used as much as possible and when a stuck node is encountered, face routing is used to escape from the stuck node. In Figure 6 , greedy forward algorithm is used until node gets stuck at node p 7 . Face routing is used to rescue the p 7 node and reach the target. In this section, we describe the main contribution of the paper. We consider the problem of removing redundant or pseudo-redundant nodes from a set of given nodes. We call this process node filtering.
COMPRESSING EQUIVALENT NODES
Consider a set of nodes S = {p 0 , p 1 , p 2 . … p n-1 } used for face routing in a sensor network. Two nodes close to each other are called equivalent if their transmission ranges cover the same sub-set of nodes. Recall that all nodes are assumed to have an identical transmission range which is taken, without loss of generality, as 1. We can illustrate the notion of equivalent nodes with a specific example. In Figure 7a , the transmission disks of two nodes p 5 In Figure 7b , two nodes p 10 and p 11 are shown which are not equivalent even though they are very close to each other. There can be many nodes equivalent to each other in some rare distributions that contain clustered nodes in some pocket region. This is illustrated in Figure 8 . Figure 8a is a distribution of sensor nodes where there are five distinctly visible cluster sub-sets of nodes. The clusters that cover identical nodes are highlighted by drawing circles for their range in Figure 8b . It is observed in Figure 8b that circles in a group cover the same set of nodes. E C ) , is the compressed Gabriel graph. Figure 9 shows the original Gabriel graph and its compressed version for indicated transmission range.
It is very interesting to look for the preservation of connectivity when the network is compressed. The following lemma settles the connectivity issue.
Lemma 1. If background nodes v i and v k are connected in Gabriel graph G(V,E), then they are also connected in the compressed Gabriel graph G C (V C ,E C ).
Proof: Consider any route R connecting node v i to v k that passes through a cluster C j . Let v e and v t be the nodes in the background and in R that are closest to the cluster C j (Figure 10 ).
Let v j be the representative node in C j . Since v e and v t are connected to some nodes in C j , they are also connected to v j by the "special path" (v e , v j ,v t ) shown by dashed s e g m e n t s . Ƒ
IV. EXPERIMENTAL RESULTS
We implemented the face routing algorithm by removing the redundant nodes in a randomly generated sensor network modeled by Gabriel graph. Routes connecting two given nodes were constructed on these networks -before and after removing redundant nodes. Table 1a and 1b shows the random nodes and their respective ranges taken for the experiment. Table 1a shows the total number of nodes and their ranges when they are partially connected and Table 1b shows the total nodes when they are completely connected.
We generated Gabriel graphs with the above nodes and tested them in different ranges. We found that the number of equivalent nodes varied with the range of nodes. Table 2a and 2b show the results obtained when the graphs were partially and completely connected, respectively. The numbers of equivalent nodes were reduced by 12.28% when nodes were partially connected. On the other hand, the numbers of equivalent nodes were reduced by 5.17% when the nodes were completely connected. This shows that equivalent nodes were mostly found when nodes have a small range (partially connected).
The paths connecting the same pair of nodes in original Gabriel graph and compressed Gabriel graph were compared. The results are tabulated in Table 3 . The result shows that the number of hubs, in the route connecting source to target, reduces significantly. This happens prominently when the graph is partially connected. V.
CONCLUSION
We presented a comprehensive review of networks used for communication in sensor networks. The reviewed networks included relative neighborhood graphs (RNG), Gabriel graphs (GG), Delaunay triangulation (DT), and restricted Delaunay graphs (RDG). Well-known routing algorithms for message forwarding in sensor networks were also examined. The examined routing algorithms include (i) greedy forward routing (ii) face routing, and (iii) greedy face hybrid routing.
We formulated the notion of redundant nodes in sensor networks. We showed that only one member from a set of equivalent nodes can be retained. This leads to a filtering algorithm for removing most redundant nodes. We proved that the removal of redundant nodes does not affect the connectivity between source node and target node, as long as source and target nodes are not redundant.
We presented an experimental study of the proposed filtering algorithm. The proposed algorithms were implemented in Java programming language. Observed results show that the proposed algorithms are effective in filtering redundant nodes. In many randomly generated networks, approximately 12% of nodes can be identified as redundant.
This study can be pursued further. We have found some results for further filtering based in the identification of solo-faced routes. These results will be reported in the future. We studied the filtering problem for a two dimensional network. It would be interesting to extend the proposed algorithm to non-planar networks including three dimensional graphs.
Another avenue for further research would be to examine the performance of the proposed algorithms for actual sensor networks formed by distributing sensor nodes on the surface of outdoor fields.
